Metal ion analysis was performed by flame ionization atomic absorption spectroscopy at the Metal Analysis Laboratory on the Iowa State University campus. All preparations were performed with nitric acid-washed glassware.
Enzyme Assays Oxalate Oxidase
The procedure described by Sugiura et al. (23) was used for the assay of oxalate oxidase activity in solution, using a commercial preparation of barley oxalate oxidase as a positive control.
Superoxide Dismutase
A colorimetric assay (24) using cytochrome c as the detector and xanthinexanthine oxidase as a superoxide generator was utilized in the characterization of purified Nectarin I and in the thermostability studies.
SDS PAGE, Western Blots, and In-gel Staining
SDS PAGE was performed according to the methods of Laemmli (25). Western blotting was conducted according to methods of Timmons and Dunbar (26) . AntiNectarin I antibodies were previously described (2). Protein concentration was determined by the method of Lowry et al. (27) .
Detection of hydrogen peroxide in nectar
Hydrogen peroxide in nectar was evaluated as follows. Fifty microliters of nectar was added to 1.95 ml of distilled water, and then 1 ml of developing solution was added.
The developing solution contained 80 µg 4-aminopyrine, 13 units of horseradish peroxidase and 0.2 µl of N, N-dimethylanaline in 0.1 M sodium phosphate buffer, pH 5.5. After a 10 min incubation at 37 o C, the absorbance was read at 550 nm.
In-gel staining for Superoxide Dismutase
Negative staining of in-gel SOD activity was performed with nitroblue tetrazolium according to methods outlined by Flohé and Ötting (24) . SDS-containing gels were washed in 100 mL of 10 mM sodium phosphate, pH 7.8 (with or without 50 µM MnSO4) three times for 30 min each prior to SOD activity staining.
Positive staining of in-gel SOD activity was performed with 4-chloro-1-naphthol . Following SDS PAGE, gels were washed (3 X 20 min) in 10 mM MOPS, pH 7.0 (with or without 50 µM MnSO4). Staining for H2O2 production was performed by incubating the washed gels in a staining solution containing: 20 mM MOPS, pH 7.0, 28 µM riboflavin, 5 units/mL horseradish peroxidase (Sigma), 500 ng/mL 4-chloro-1-naphthol, 10 mM TEMED and 60% ethanol. Gels were incubated in staining solution in transparent trays on a light box with gentle shaking. Staining was performed for 16 to 24 h.
Periodic Acid Schiff (PAS) staining.
PAS staining following SDS PAGE (28) was used to examine Nectarin I glycosylation.
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry
Matrix-assisted laser desorption ionization MS was used for determining the molecular mass of the purified Nectarin I protein. Protein samples of 1 to 2 µl containing about 2 to 4 ng of protein were loaded with 1 to 2 µl of freshly prepared sinapinic acid matrix onto a time-of-flight mass analyzer (Lasermat 2000 MALDI, Finnigan, Madison, WI). The collected data were analyzed using data processing software (Lasermat 2000, Finnigan). Bovine serum albumin was used as an internal calibration standard.
RESULTS
To evaluate whether Nectarin I might be a superoxide dismutase, we initially examined whether raw nectar contained any superoxide dismutase activity. However, the high concentrations of ascorbate present raw nectar interfere with the SOD assay (24) , so nectar proteins were precipitated from raw nectar by ammonium sulfate precipitation, and the SOD assay was performed on the partially purified Nectarins.
Characterization of Nectarin I 6 Page Figure 1 demonstrates that increasing amounts of partially purified nectar proteins result in decreased superoxide-dependent-reduction of cytochrome c, confirming that the partially purified nectar proteins do indeed contain superoxide dismutase activity.
Because superoxide dismutase activity was identified with the nectar proteins, we next attempted to determine whether this superoxide dismutase activity was associated with Nectarin I. We ran aliquots of ammonium sulfate-precipitated nectar proteins on native gels and demonstrated that the major nectar protein was stained for superoxide dismutase activity with nitroblue tetrazolium (data not shown).
We have previously demonstrated that even in the presence of SDS the Nectarin I protein migrates as an oligomer if the protein samples were not boiled prior to SDS PAGE (2). We reasoned that if the nonboiled Nectarin I protein maintains its oligomeric quaternary structure, perhaps it might also maintain its enzymatic activity. Therefore, we also examined SDS PAGE gels for superoxide dismutase activity. We next decided to purify Nectarin I and evaluate superoxide dismutase activity on the purified protein. Because GLPs are known for their thermostability (29) , and heat precipitation steps are extremely good first steps in the purification many proteins (30, 31, 32) , we explored thermostability for the purification of Nectarin I from crude nectar proteins. Ammonium sulfate precipitated nectar proteins were resuspended in 10 mM sodium phosphate buffer, pH 7.8, and dialyzed against this same buffer. Aliquots of these nectar proteins containing 17 µg of total protein were incubated at various Even for periods as long as 1 h at 90 o C, 85% of superoxide dismutase activity is retained.
When we evaluated the protein profile of the heat-treated, ammonium sulfate precipitated nectar proteins we were surprised to find that this single thermal denaturation step resulted in the precipitation of all nectar proteins except for Nectarin I.
This resulted in a two-step, near quantitative purification of Nectarin I. We moved the thermal denaturation step prior to the ammonium sulfate precipitation to reduce manipulations. As can be seen in Table I , the recovery of enzyme activity was nearly quantitative. A final specific activity of 2,543 units of superoxide dismutase activity per mg protein was found for the purified protein. This level of specific activity is similar to that observed with the E. coli manganese superoxide dismutase (20) .
The purity of the thermostable Nectarin I preparation was evaluated by SDS PAGE. Figure 4 shows the protein profile of crude nectar in lanes 1 (nonboiled) and 2 (boiled) and of the purified Nectarin I preparation in lanes 3 (nonboiled) and 4 (boiled).
As can be observed, in nonboiled nectar, the Nectarin I oligomer migrates at 165 kDa; whereas the monomer migrates at 29 kDa (compare lanes 1 and 2). The purified The molecular mass of the mature Nectarin I protein predicted from the amino acid sequence is 21,062 Da (2). The difference between the predicted molecular mass and that found by mass spectrometry, 1,471 Da, is unaccounted for. However, it is known that GLPs are glycosylated (33) . All GLPs, including Nectarin I, contain a conserved site of N-glycosylation (11, 2, 33, 19, 10, 16, 17) . PAS staining (28) demonstrated the presence of carbohydrate on the purified Nectarin I protein ( . This nonasaccharide has a molecular mass of 1,576 Da, which corresponds well with the mass differences observed between the MALDI-TOF analysis and the cDNA-predicted molecular mass (1,471 Da). Therefore, we expect that the Nectarin I glycan is highly similar to the N-linked glycan present on wheat germin.
To determine whether the purified Nectarin I had superoxide dismutase activity, we next evaluated the ability of the purified Nectarin I to remove superoxide generated Characterization of Nectarin I 9 Page by xanthine-xanthine oxidase. As can be seen in Fig. 5 , the purified protein was indeed able to dismute superoxide in a dose dependent manner. Therefore we conclude that the superoxide dismutase activity associated with tobacco nectar is due to the presence of Nectarin I.
Based upon the type of metals that they contain, there are three known families of superoxide dismutases: FeSOD, Cu/ZnSOD, and MnSOD. To determine the type of superoxide dismutase family to which Nectarin I belongs, we analyzed the purified Nectarin I protein for metal ions. This analysis demonstrated the presence of 0.5 moles of manganese per mole of Nectarin I monomer. Iron and copper were present in trace amounts at or near the limits of detection.
To confirm that Nectarin I was a manganese superoxide dismutase, hydrogen peroxide inhibition studies of enzyme activity were performed. Manganese superoxide dismutases are stable in the presence of 5 mM H2O2, whereas copper/zinc and iron superoxide dismutases lose activity following this treatment (34, 35) . Because Nectarin I retains superoxide dismutase activity following SDS PAGE (see Fig. 2 , lane 3), we examined this inhibition following gel electrophoresis. Figure 6 , lanes 1 and 3 contain a cocktail of commercially available superoxide dismutases, including the manganese superoxide dismutase from E. coli (20) , the iron superoxide dismutase from E. coli (21) , and the copper/zinc superoxide dismutase from bovine erythrocytes (22) . Lanes 2 and 4 contain purified Nectarin I. The nonboiled proteins were all separated on SDS PAGE gels and stained for superoxide dismutase activity with nitroblue tetrazolium (24) . As can be observed in lanes 1 and 2, each of the nonboiled proteins retains superoxide dismutase activity following SDS PAGE. Treatment of these proteins for 1 h with 5 mM H2O2; however, results in the loss of activity of the iron and copper/zinc superoxide dismutases. In contrast, both the manganese superoxide dismutase from E. coli and the Nectarin I superoxide dismutase remain active following this treatment. Similarly, NaCN is capable of inactivating Cu/Zn superoxide dismutases (34, 35) . Incubation with Characterization of Nectarin I 10 Page NaCN did not inhibit the enzymatic activity of Nectarin I (data not shown).
While nonboiled Nectarin I retains its quaternary structure and its superoxide dismutase activity during SDS PAGE, it decomposes to its monomeric form following boiling. This monomeric form does not retain the superoxide dismutase activity after boiling (compare lanes 1 and 2 of Fig. 7) . We therefore decided to test whether we could reactivate the superoxide dismutase activity following metal ion replacement. As shown in Fig. 7 , the addition of 50 mM FeSO4, CuSO4, ZnCl2, or CuSO4/ZnCl2 to the gel wash solutions failed to reactivate the superoxide dismutase activity (lanes 3, 4, 5, or 6). In contrast, addition of 50 mM MnSO4 produced active enzyme (lane 7). Thus, only manganese was able to reconstitute enzyme activity, confirming that the Nectarin I is a manganese superoxide dismutase.
The studies illustrated in Fig. 7 do not provide information about the quaternary structure of the active form of Nectarin I following metal ion replacement. To examine this in more detail we first inactivated the superoxide dismutase activity by boiling. After separating the monomeric form on an SDS PAGE gel, we renatured the enzyme as in lane 7 of Fig. 7 . The renaturation was verified by staining the gel for superoxide dismutase activity (data not shown). Subsequently, duplicate slices of the active protein were excised from the gel and re-electrophoresed on a second SDS PAGE. Because the dismutation of superoxide results in the generation of H2O2, we examined whether plant nectar contains H2O2. We examined nectar from mature, opened flowers from a series of 10 greenhouse grown plants. These plants showed a range of H2O2 accumulation from <20 µM to >4000 µM with a mean value of 771 µM. This is significantly higher than the levels of H2O2 (10 to 100 µM) that are normally toxic to cells (36) . SDS PAGE analysis demonstrated that Nectarin I was present in the nectars of each of these 10 plants. These nectar samples were electrophoresed on SDS PAGE gels, and Nectarin I immunocrossreactive material was visualized by Western blot analysis using antibodies raised against Nectarin I (2). In this analysis we examined 15 species from 11 different plant families (Table 2) .
Six different plant families (Araceae, Nepenthaceae, Sarraceniaceae, Solanaceae, Streliziaceae, and Theaceae) showed Nectarin I crossreactive proteins. These cross-reactive proteins were either 29 kDa Nectarin Ilike proteins or were >150 kDa. The >150 kDa proteins were observed in at least three different species, Sarracenia purpurea, Nepenthes superba, and Strelitzia reginae.
DISCUSSION
Nectarin I is a germin-like protein that has manganese superoxide dismutase activity. This enzymatic activity is remarkably thermostable, maintaining high activity even when incubated at 90 o C for 1 h. This thermostability allowed for a facile purification of the Nectarin I protein. The purified Nectarin I protein contained manganese, and the superoxide dismutase activity was resistant to inhibition by both H2O2 and NaCN, compounds that inhibit the activity of iron and copper/zinc superoxide dismutases but not manganese superoxide dismutases. Following disassociation of the Nectarin I protein into monomers, the enzymatic activity could be reconstituted upon the addition of manganese, but not with iron, copper, zinc, or copper/zinc. Taken together, these data indicate that Nectarin I is a manganese superoxide dismutase.
Further, this manganese superoxide dismutase is uncommonly stable. Not only is it highly resistant to thermal denaturation, but it also maintains both its quaternary structure and enzymatic activity when electrophoresed in the presence of SDS. Only by boiling were we able to disassociate Nectarin I into its monomeric components. (7), and on the C-terminal domain of jack-bean canavalin (37). Both of these models predict that these three histidines lie on neighboring anti-parallel β-strands, and that the sidechains form a cluster that is reminiscent of other metal-binding sites. Both models also predict that the sidechain of a glutamate residue lies close to the histidine cluster and may function as a fourth ligand of the manganese. This glutamate is also conserved in the mature Nectarin I protein as Glu(92). Wheat germin and Nectarin I share 51.7% identity, rising to 60.7% if conservative substitutions are permitted. While Nectarin I is clearly a germin-like protein; despite repeated efforts, we have found that Nectarin I does not have oxalate oxidase activity. Similar observations have been made for a number of other GLPs (9, 10, 16, 17, 18, 19) . We have also tested wheat oxalate oxidase for superoxide dismutase activity and have found none. (9) that is a superoxide dismutase and has no detectable oxalate oxidase activity is a member of Subfamily 1. Nectarin I, which also has superoxide dismutase activity and no detectable oxalate oxidase activity is a member of Subfamily 2. The peach auxin binding protein and a barley GLP both belonging to Subfamily 3 have been tested for oxalate oxidase activity and none could be detected (17, 19) . Likewise, no oxalate oxidase activity could be detected for the Pinus caribaea GLP (gymnosperm GLP clade) (16) . These three proteins have not been tested for superoxide dismutase activity.
Based upon this limited analysis, it appears that oxalate oxidase activity is associated with only one group of GLPs representing only 15% (11/70) of all GLPs. It is too soon to tell whether superoxide dismutase activity is common among the GLPs. on the order of 10 to 100 µM (36) . The levels that we have observed in the nectar of tobacco plants are significantly higher than this (<20 µM to >4000 µM).
That Nectarin I immunoreactive proteins were identified in the nectars of a number of other plant families indicates that this method of protection may be widespread within the plant kingdom. The high levels of H2O2 found to be present in nectar also correlates with the finding that peroxidase and catalase activity are abundant in the gut and malpighian tubules of insects (47, 48, 49, 50 
